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Background Generated by Moving Beams on Mirrors with Temperature Gradients
and Dust Contamination.

J.A.Davidson
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I. Introduction:

The aim of this report is to illustrate under what conditions a telescope system incorporating active
optics or beam steering mirrors can induce an unacceptable IR background noise into a SOFIA
science instrument.

This report is based on two previous reports, one by Wright (198?), and another by Davidson and
Erickson (1988); these are attached in Appendices A, and B, respectively. As explained in these

reports, infrared telescopes use "choppers" to cancel background sky and telescope emission from
the emission of an astronomical source. The result is an ac-signal at the frequency of the chop with
thermal "shot" noise contributions from the astronomical source, sky and telescope. At IR

wavelengths the Noise Equivalent Power (NEP) due to the thermal shot noise from the telescope
and skv is approximately one-millionth of their thermal emission. Many interesting astronomical
sources have signals on'the order of this NEP. Thus it is important to (1) subtract out the
background emission and (2) not introduce any further noise while doing so. The report by
Davi_ison and Erickson illustrated that a "nodding plus chopping" routine can be successfully

employed using a chopping secondary in a Cassegrain telescope confi_ration to cancel the sky
and telescope back_ound emission down to the NEP level of the sky and telescope. This idealized
subtraction was achieved without introducing noise, since the chop and nod mechanisms were

assumed perfect and so each placement of the beam in the chopping/nodding sequence was
reproduced exactly. However, in practice such accuracy is not possible; low level random motion
of the beam on the primary" (or any other mirror surface) occurs, introducing.noise if the mirror
surface has temperature _,zradients, defects or dust contamination. Active opucs will also introduce
noise to the signal in a similar way. We will qualitatively and quantitatively discuss the noise
introduced by beam motion on a telescope mu'ror surface in the following sections. Sections 1I and
III will estimate the noise eenerated by mirrors with temperature gradients and dust contamination,

respectively, and section I_,r will give examples illustrating how to use the information derived in
sections II and III.

II. Background Induced by Temperature Gradient on a Mirror

As given in the report by Davidson'and Erickson, the power falling on a detector from a mirror in

the optical path of the telescope is given by:-

Pm = em.B(v,Tm).7.Av.t (1)

where Em is the emissivity of the mirror, B(v,Tm) is the Planck function which is a function of the

frequency, v, of the radiation being observed and mirror temperature, Tin, T is the optical

throughput of the telescope, Av is the frequency bandpass of the detector, and t is the transmittance
of the science instrument. The throughput of a telescope system is a constant along the light path.

At the primary mirror --=.-kp._p where Ap is the area of the primary and _p is the solid angle

subtended by a detector's beam on the sky. At the mirror in question Y=Am.f2m where Am is the

area of this mirror and f'am is the apparent solid angle subtended by the detector at this mirror.



Let usconsiderthecasewherethemirror hasa uniformemissivity(ie.,hasnodefectsor dust
contamination),butit doeshaveatemperaturegradient.Thenif thebeammoveson themirror the
changein backgroundpoweratthedetectorwouldbe:-

Ap m = gm.{B(v,Trn+AT) - B(v,Tm) }.AA.C2m .Av.t (2)

where AT is the change in the mean temperature of the mirror within the beam and ,6A is the

crescent area change in mirror illumination. For AT/TIn << 1 the following approximation holds:-

APm= Pm.[X/(1-exp(-x))]- [AT/Tm] • [AA/Am]

= P'm.[x.eX/(e x - 1)2]. [AT/Tm] • [AA/Am]

(3a)

(3b)

where we have shown explicitly the functional dependence on temperature using x = [14400/kTm],

where k is wavelength in microns, and Pm=P'm.[1/(e x - 1)].

Such a change in the background will produce offsets which simulate noise if the beam moves on
the mirror in a random manner at the frequency of the chopper. Hence, we must require for this

random motion that:-

I &I'm I < (1/2) N'EP/"is (4)

where NEP is the noise from the sky and telescope (ie., NEP 2 = NEPtel 2 + NEPsky2), and s is a

time interval on the order of a chop period. The factor of a half insures that the noise generated by
the random beam motion can be ignored. (Recall that noise sources are summed in quadrature.) At

30 microns, for broadband observations, the NEP typically equals about 10 -15 W/_Hz, and a

chopper frequency of about 20Hz is commonly used. By combining equations 3b and 4 we get:-

I [AT/TIn] • [AA/Am] I < [ NEP/( 2 P'm',/s)] • [( ex - 1)2/(x eX)] (5a)

= 1.6x10-6 [(e x _ 1)2/(x eX)] (5b)

Relation 5b was derived for diffraction limited observations using a AX/X=0.2 bandpass centered

at 30 microns, a detector system transmittance of 0.3, and a mirror emissivity of 0.05. No

assumption was made about the temperature of the mirror. If we assume the temperature of the
mirror is 240K, then 5b becomes:-

I [AT/Tm] • [AA/Am] I < 4.4x10 "6 (6a)

If we assume the temperature of the mirror is 77K (nitrogen cooled) or 4K (helium cooled

mirror) ,then

I [AT/TIn] • [AA/Am] 1< 1.3x10 -4 Tm = 77K (6b)

I [AT/Tm] • [AA/Am] t< 1.7x1044 !!!! Tm= 4K (6c)

Relations 6b and 6c illustrate that [(e x - 1)2/(x eX)] is a strong function of Tm and that helium

cooled mirrors do not present a background noise problem.

2



Relation 6a should be used to judge all warm minor configurations using active or moving optics.

[As an aside, remember that the _XA term in the above equations is only that area change due to
random beam motion at the frequency of the chop. The constant beam motion due to the chop
itself, for example, only contributes a constant dc-offset which can be subtracted out. And motions
of the beam at frequencies other than the chop frequency are not integrated into the astronomical

signal.]

III. Background Induced by Dust Contamination on a Mirror

Now consider a mirror with no temperature gradients but which has random emissivity
irregularities (ie., dust and defects). The report by Wright showed that the power emitted by a dust

grain on the mirror into a detector can be given by:-

Pdust = na2Q • ff2m.B(v,Tm).Av.t (7)

where the radius and emissivity of the dust grain are a and Q, respectively. (Here we have assumed
that the dust on the minor has the same temperature as the minor.) If the the dust on the mirror
has a random distribution, such that the number of grains with radii between a and a+da within an

area AA is given by A.A.n(a)da, then the background power at the detector due to these grains
would be:-

PAA = ff_m.B(v,Tm) .Av.t • f AA._a2Q .n(a)da (8a)

= Pro. [AA.r_/emA] -f a2Q.n(a)d a (8b)

If the beam moves on the surface of the mirror, different dust samples will become visible to the

detector, thus causing backgTound offsets, APm. The magnitude of APm will equal the standard

deviation of P6A, which can be estimated since the dust grains are distributed randomly on the
mirror, so the standard deviation of the number of grains with radii between a and a+da within an

area AA is given simply by (._kA.n(a)da) 1/2. Thus by summing in quadrature the standard deviation

contributions of all the grains within AA :-

APm = C_(PAA) = Prn.[r_/e m] .[AA/AE]I/2.[f a4Q2-n(a)da] 1/2 (9)

Such a change in the background will produce offsets which simulate noise if the beam moves on
the mirror in a random manner at the frequency of the chopper. Hence, as in section II we require
relation 4 to hold. This leads to:-

[AA/A2 ] 1/2 < [am. NEP/(_nP'm',]s)]. [e x- 1].[Y a'_Q2.n(a)da] -1/2 (10a)

= 1.6x10-7. Ja'lQ2.n(a)da] -if2 for Trn = 240K (10b)

1.-'xl0 5 • f a4Q2.n(a)da] "1/2 for Tm= 77K (10c)
._.2x10 z4 • I a4Q2.n(a)da] -l'r2 for Tm= 4K (10d)

The trick now is to estimate [f aaQ2.n(a)da] "172.
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DingerandWooden(seereportin AppendixC) examinedthedustcontaminationlevelon test
mirrorsplacedin theKAO telescope cavity during flights. Their Figure 1 implies that:-

Id** n(a)da = No d -ct for a > Igm (11)

where tx = 2.5 and No = 10 "5 (for "a" in cm). This implies that

n(a) = o_No a-(eL+l) for a > llxm (12a)

= 2.5x10 -5 a-3-5 (for "a" in cm) (12b)

The emissivity of a dust _o-rain, Q, depends on the dust grain's size and composition, and the
wavelength of the radiation being observed. In general Q=I for grains that are considerably larger

than the wavelength being observed (in this case k=30gm) and Q varies as (a/X) 2 for grains with

radii smaller than the wavelength of observation. We have used this generalization to construct a

plausible function, Q(a), for k=30gm, as follows:-

Q(a)

= (a/3x10-3) 2 (0.3) a < 3x10 "3 cm

= (a/10-2) 3x10 -3 < a _<10 .2 cm

= 1 a> 10-2cm

With n(a) given by expression 12b, the fraction of the area on a mirror covered by dust is:-

I r_a2.n(a)da = 0.015 (13)

where we only consider _mains with radii greater than lt.tm, since it is only these gains which
contribute to the areal de_asity of the dust (see Figure 2 of Dinger and Wooden). And for the values

of Q(a) Nven above, _e _ fraction of the area covered by dust is:-

[1/em]J 7za2Q.n(a) da = 0.04 (14)

[ This seems to be a very, clean mirror to me.(?!) ]

Using the above values for Q(a) and n(a), we can now estimate the integral term in equations 10:-

If a4Q2.n(a)da]-l/'2 = 1.4x103 (15)

Thus equation 10 becomes (A in cm 2) :-

[aA/A] < (4.8 xl0-8)A for Tm = 240K (16a)

< (3.4 xl0-4)A for Tm= 77K (16b)

< (2.0 x1095)A !! for Tm= 4K (16c)

Once again helium cooled mirrors are not a problem.

III. Summary
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Let uscomparetherequirementsgivenby equations(6a)and(16a)for a"2.5 meterclass"mirrorat
240Kwherethetemperaturegradient,[AT/Trn], in equation6equals0.01. Equation6athen
gives

I [AA/Am] I < 4.4x10-4

whereasequation16agives
I [AA/Am] I< 2.7x10"3.

For thiscase,therequirementcausedby thetemperaturegradienton themirror is stricterthanthe
requirementcausedby thedustonthemirror.However,therequirementcausedby dust
contaminationwill becomestricterfor adirtieror smallermirror; for a 1metermirror, for example.
boththeaboverequirementswouldbecomparable.(Thedustcontaminationlevelusedin sectionII
iscloseto the leveldefinedbyMIL-STD-1246Aclass750- 1000and,accordingto Dingerand
Wooden,is whatweshouldexpectonanairborneobservatory.)Thisdiscussionshowsthatboth
Equation6 andEquation16shouldbeusedto determineif backgroundfluctuationsareaproblem.

An extensionof theaboveexampleis thatEquation6canbeusedto putarequirementona
choppingsecondarymirror for aCassegraintelescopedesign.TheSOFIA baselinedesignhas
[AAchop/Arn] = 0.01for themaximumchoppedbeammotionon theprimary.Thisbeammotion,if
perfectlyexecuted,will only introduceadc-offsetwhichcanberemovedby anoddingtechnique
(seeDavidsonandEricksonreport),but if thereisarandombeammotionalsoassociatedwith the
chopping,thennoisewill beintroduced.Theaboverequirementsfor a 2.5meterclassmirror
imply thattherandomcomponentof thischoppedbeammotion(ie.,thecomponentwhich
simulatesnoise)mustbesuchthat[AArandom/Arn]is lessthan4%of [AAchop/Am].(Of course,
randommotionneednotbeaccidental;suchamotioncouldbegeneratedin anactiveoptics
system.)

It shouldbenotedherethattheabovediscussionon mirrorswouldalsoholdfor awindowor lens.
Forsuchoptics,thevaluefor theemissivity,8rn,wouldbecloseto 0.2 insteadof thevalueof
0.05usedin theequationsof sectionsII andIII. With thisdifferentemissivity,equations6 would
become:-

I [AT/Tm] • [AA/Am] I< 1.1xl0"6 Tm= 240K (17a)

I [AT/TIn] • [AA/Am] I< 3.2x10-5 Tm = 77K (17b)
I [AT/TIn] • [AA/Am] I< 4.2x1043 Tm= 4K (17c)

Equations16,however,wouldremainunchanged(seeEquation10a).In otherwords,theeffects
of temperaturegradientsareamplifiedfor windowsandlenses,but theeffectsof dust
contamination(whichdependson thedust,not thesurfaceonwhichthedustlies)remain
unchanged.[As anaside,however,warmlensesarerarelyusedin anIR opticssystemsincethey
havehighemissivitiesandsohighthermalpoweremission,whichtranslatesto highthermalnoise.
Hence,theoverallNEPof thetelescope/skywouldincrease,whichwould beveryundesirable.
Suchanunfortunateincreasein theNEPwouldof courserelaxtheaboverequirements(17)
throughEquation4, but theoverallsystemsensitivitywouldbereduced.]

Thereis anothersourceof backgoundnoisedueto beammotionnot yetdiscussedin thisreport.
This sourceis discussedin thereportbyWright, althoughunfortunatelynot in agenericway.
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Wrightdiscoveredfor aparticulardesignof theLDR telescopewhichhadthebeampassing
throughanapertureatanimageof thesky,thatthebeam'ssidelobes(adiffractioneffect)
intersectedtheedgeof thisaperturewhenthebeammovedby operationalamounts,resultingin a
fluctuatingsignalin thesidelobesatthe0.8%Pmlevel.Worsestill, thesefluctuationswerenot
confinedto thesidelobes,reflectionsfrom theedgeof theapertureto othermirrorsin thetelescope
systemreflectedasizablefractionof thesesidelobefluctuationsinto themain-beam,causingmain-
beampowerfluctuationsabout400 timeslargerthanEquation4 wouldallow.Thisserious
problemalonemadethatparticulartelescop.edesignfor theLDR unacceptable.Thuswhenlooking
attelescopedesigns,diffractionandscatteringeffectsmustbeconsidered,especiallythrough
apertures(includingwindows).

Finally,in orderto estimatethebackgroundnoiseproblemsassociatedwith aparticulartelescope
design,thefollowing questionsneedto beansweredbeforetheequationsin thisreportcanbe
used:-

1)Onwhichmirrorswill thebeammoveandby howmuch?
2)Whatis theexpectedvaluesof [AA/Am] for eachof themirrors?
3)Whatarethetemperaturesof thesemirrors?
4) How well cantemperaturegradientsanddustcontaminationbecontrolledon thesemirrors?

and
(5)Are there apertures or telescope structures which could cause background noise with beam

motion?

(The last question (based on the Wright result) goes beyond the study in this report, but should
probably be the subject of a future SOFIA report.)
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